The objective of this review is to organize literature data on the thermodynamic properties of salt-containing polystyrene/poly(ethylene oxide) (PS/PEO) blends and polystyrene-b-poly(ethylene oxide) (SEO) diblock copolymers. These systems are of interest due to their potential to serve as electrolytes in all-solid rechargeable lithium batteries. Mean-field theories, developed for pure polymer blends and block copolymers, are used to describe phenomenon seen in salt-containing systems. An effective FloryHuggins interaction parameter, χ eff , that increases linearly with salt concentration is used to describe the effect of salt addition for both blends and block copolymers. Segregation strength, χ eff N, where N is the chain length of the homopolymers or block copolymers, is used to map phase behavior of salty systems as a function of composition. Domain spacing of salt-containing block copolymers is normalized to account for the effect of copolymer composition using an expression obtained in the weak segregation limit.
INTRODUCTION
There is continued theoretical and experimental interest in understanding the thermodynamics and phase behavior of salt-containing polymers due to their applications as solid electrolytes in rechargeable batteries. [1] [2] [3] [4] [5] [6] In this review, we consider the effect of added salt on mixtures of two dissimilar homopolymers, A and B, and AB diblock copolymers wherein two dissimilar chains are covalently bonded. The experimentally observed phase behavior of the homopolymer blends and block copolymers is in reasonable agreement with mean-field theory. [7] [8] [9] [10] [11] [12] In these theories, phase behavior is determined entirely by two parameters, segregation strength and composition. Segregation strength is characterized by the product χN , where χ is the Flory-Huggins interaction parameter and measures the thermodynamic compatibility between A and B chains and N is the degree of polymerization of either the homopolymers or the block copolymer. Composition is quantified by the volume fraction of one of the polymer components,f A . As segregation strength increases (in simple systems this is accomplished by decreasing temperature) polymer blends macrophase separate from a single homogeneous phase into two coexisting phases, one rich in polymer A and another rich in polymer B. The compositions of the coexisting phases depend on both χNand f A . As segregation strength increases, block copolymers microphase separate from a homogeneous disordered phase (DIS) into ordered morphologies, such as lamellae (LAM), gyroid phases (GYR), hexagonally packed cylinders (HEX) 5 and body center cubic spheres (BCC). The geometry of the resulting ordered phase depends on both χNand f A . [13] [14] [15] [16] The temperature dependence of the Flory-Huggins interaction parameter in salt-free binary polymer systems is generally expressed as
where A and B are empirically determined constants. 14, 17 In principle, macrophase separation of homopolymer blends will continue until the denser phase occupies the bottom of the container. In contrast, the periodic length-scale, or domain spacing, obtained in microphase separated systems, d, is governed by χNand f A .
In this work, we review the literature on the effect of added salt on the thermodynamics of homopolymer blends and block copolymers. Our objective is to organize literature data into a few simple plots. For homopolymer blends, we examine the effect of added salt on the boundary between single-phase and two-phase systems. For block copolymers, we examine the effect of added salt on the phase behavior and domain spacing.
Our analysis relies heavily on the mean-field theories discussed above. 6 The phase diagram of symmetric homopolymer blends is given by the expression 7, 17 χ = 1
THEORY OF SALT-FREE HOMOPOLYMER BLENDS AND BLOCK COPOLYMERS
In Figure 1 , we show this phase diagram using ( χN) norm as the ordinante andf A as the abscissa. For symmetric homopolymer blends, we define
because phase separation occurs when χN exceeds 2 for a blend with f A =0.5
.
17
There are no analytical expressions for the boundary between disorder and order for block copolymers. In Figure 1 The length scale of the periodic phase in an ordered block copolymer is a reflection of molecular size. In a homopolymer, molecular size is often characterized by the radius of gyration,
where b is the statistical segment length of the chain. The original results described above were fit to simple polynomial
The values for these coefficients for the three curves in Figure 1 are given in Figure   1 
THEORY OF SALT-CONTAINING HOMOPOLYMER BLENDS AND BLOCK COPOLYMERS
The addition of salt to these systems is known to alter their phase behavior due to the introduction of new interactions between the polymers and ions including electrostatic interactions, charge dissociation, ion solvation and physical cross-linking between the ions and polymer chains. 9 There have been many theoretical studies that attempt to quantify the effects of these interactions on polymer phase behavior. Ions tends to cluster in the phase with the higher dielectric constant and this increases segregation strength. This was captured in models developed by Wang and coworkers using the concept of Born solvation energy. 19, 20 In these models, the framework described in the previous section for salt-free systems can be applied to salty systems provided χ is replaced with an effective interaction parameter, χ eff , which depends on salt concentration. In the simplest case, this dependence is linear and χ eff =χ 0 +mr (7) where χ 0 is the Flory-Huggins parameter for the salt-free system, r is a suitable measure of salt concentration and m is a system-dependent proportionality constant. This form for χ eff in salty systems was first proposed in the pioneering work of Mayes and coworkers. 21 It is important to note that several other theories on the effect of added ions on the thermodynamics of block copolymers and polymer blends have been developed. [22] [23] [24] [25] [26] In this study, we use Equation 7 to organize data obtained by different groups on the same plot. The effect of added salt on phase behavior is shown schematically in Figure 2 for both symmetric homopolymer blends and diblock copolymers. As salt concentration increases, miscible blends and copolymers phase separate due to an increase in the effective Flory-Huggins interaction parameter, χ eff . 
EXPERIMENTAL SYSTEMS
The most widely studied systems are blends of polystyrene and poly(ethylene oxide) (PS/PEO) and copolymers of polystyrene-blockpoly(ethylene oxide) (SEO) mixed with a lithium salt. In this review, we focus on two lithium salts: lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium trifluoromethanesulfonate (LiTf). These salts maximize the conductivity of PEO-based electrolytes. 27 It is well known that the salt selectively partitions into the PEO domain due to specific interactions between ether oxygens and Li + ions and the relatively high dielectric constant of PEO. [28] [29] [30] 
where ν EO For the salty samples, we assume that all of the salt resides in the PEO domain. 29, 30 Both homopolymer blends and block copolymers containing salt are considered to be pseudo-binary systems where the volume fraction of the salt + PEO component is given by
where r is the molar ratio of Li 
where ρ EO , LiTFSI (r )=2.008r +1.13 (12) taken from ref 39 . Because the effect of LiTf on the density of PEO has not been measured, ideal mixing was assumed such that .
FLORY-HUGGINS INTERACTION PARAMETER, χ
We begin with a discussion on cloud point measurements of a polymer blend of PS (M = 0.55 kg mol which relates segregation strength and composition at the phase boundary of binary blends, was used to determine χ eff at a given temperature from the data in Figure 3a . For a given salty PS/PEO blend, the value of χ eff at the cloud point, was calculated according to
where coefficients, C i 's, for the case of blends are used (see Table 1 ). Figure 3b as a function of r, at the temperatures specified in Figure 3 . Building on the functional form of χ for salt-free systems, provided in Equation 1, we propose the following extension for salty systems:
T +Cr + D (15) The lines in Figure 3b are least squares fits of EO , salt and N was determined experimentally. Equation 6 with C i 's corresponding to the case of block copolymers (see Table 1 ) was then used to determine χ eff at the phase boundary. Gunkel et al. 35 and Wanakule et al. 33 mapped the phase boundary in a set of salt-containing SEO copolymers, and the orderdisorder transition temperatures (T ODT ) obtained ranged from 95 -240 °C shown in Figure 4 (blue squares). Loo et al. 34 used the same approach but their data were obtained at a fixed temperature of 100 °C. These data are also shown in Figure 4 (yellow circles). The dashed line in Figure 4 , and Loo et al. 34 on the same plot (Figure 4 ), ignoring the differences in temperature used in these studies. The data points correspond to the 100 °C data shown in Figure 3b , and Equation 17 was used to calculate χ eff N as a function of salt concentration, r.
The agreement between theory and experiment is reasonable. In principle, boundaries calculated by mean-field SCFT for salt-free systems and the data points are discrete samples. Data from only one blend system is currently in the literature (see Table 2 ).
We now discuss the phase behavior of salt-containing SEO block copolymers at 100 °C. The boundary between single-phase and microphase separated systems is plotted on a universal χ eff N versus f EO , salt plot in Figure   6 using The discrete data points in Figure 6 represent morphologies determined by small angle X-ray scattering (SAXS) experiments for a given SEO electrolyte, characterized by N, f EO , salt and r. χ eff N for a given SEO electrolyte is then calculated by Equation 18 . The symbols for each electrolyte correspond to their morphology: BCC is given as circles, HEX as hexagons, GYR as plus signs, LAM as squares, and DIS as triangles. Due to 21 the sparseness of data at χ eff N > 100, the figure is broken up into two panels. We assume that the phase boundaries are vertical when χ eff N >100 in accordance with strong segregation theory. 16, 45, 46 Overall, there is agreement between SCFT calculations and the experimental data. The experimentally determined location of the orderdisorder boundary is shown by a black curve in Figure 6 The phase boundary between HEX and BCC at values of χ eff N >60 on the f EO , salt >0.5 side aligns extremely well with experiment. Pure BCC phases are seen in this region at χ eff N >100, as predicted by theory.
DOMAIN SPACING
FIGURE 7 3D plot of volume fraction of PEO + salt, f EO,salt , domain spacing, d, and salt concentration, r, for a sample of SEO copolymers used in this study at 120 °C.
Dashed lines shown are a projection to the d=0 plane.
We conclude with a discussion on the effect of salt on the domain spacing of the SEO copolymers. Figure 7 shows selected data from a subset of SEO copolymers included in Table 2 available data at 100 °C, the temperature used in the discussion of phase behavior. We do not expect qualitative differences due to this 20 °C discrepancy in temperature.) The data in Figure 8 are color coded with the same color scheme used to describe the morphologies of SEO block copolymers in Figure 6 . The symbols for the discrete data points correspond to the morphology of a given electrolyte; they also match the symbols used in Figure 6 . On this plot, the disordered systems (DIS) appear towards the 24 lower half, and in this regime, D is more-or-less independent of r. In disordered systems, the reported value of d corresponds to the characteristic length scale of concentration fluctuations. 9 In the ordered state, D increases with r in a non-linear fashion, increasing more rapidly at higher values of r.
When coexistence of ordered phases was observed for a single electrolyte, domain spacing for each morphology is presented. It is worth noting that in If the change in domain spacing upon salt addition was only due to changes in f EO , salt , then within our framework, D would be independent of salt concentration for each polymer as our normalization scheme ( Equation 6) accounts for this effect. It is, however, clear from Figure 8 that the changes in domain spacing upon salt addition are due to additional effects introduced by the presence of ions such as increased segregation. In each of the ordered morphologies, the junction between PS and PEO chains are located near the domain boundaries. Segregation strength is known to affect 26 the area per junction. 47, 48 It is evident that the addition of salt to ordered morphologies results in a decrease in the area per junction. Figure 9 shows the relationship between normalized domain spacing , D
, chain length, N, and segregation strength, χ eff N, for the SEO copolymers with and without salt. The ordinate in Figure 9 is a dimensionless quantity:
; note that D has units of nm. The statistical segment length, b, was taken to be 0.5 nm, the nominal value that applies to a large number of flexible polymer chains. 49 (Although it is likely that the presence of salt affects the statistical segment length of PEO, no quantitative data exists for the relationship between b and r. 28 We therefore, hold b constant at 0.5 nm for all salt concentrations as a first approximation.) All of the data in Figure 8 collapses on to two straight lines in Figure 9 . The observed crossover in Figure 9 from weak to strong segregation is consistent with the theory of Uneyama and Doi wherein a monotonic increase in the D versus N exponent is predicted at the crossover. 51 The theory of Matsen and Bates predicts a higher exponent for the D versus N scaling at intermediate segregation strength (10< χ eff N<100). 46 The data in Figure 9 do not agree with this prediction. It is worth noting that neither theory was developed for saltcontaining block copolymers.
FIGURE 9
Relationship between normalized domain spacing, chain length, and segregation strength for the salt-containing SEO copolymers. In the WSL, χ eff N >10, the normalized domain spacing is independent of segregation strength. In the SSL, (orange region). At higher segregation strengths (blue region), the predicted increase in D with r is much stronger than that observed experimentally.
These deviations are not evident when the data is presented on a log-log plot ( Figure 9 ). There are thus some unresolved issues that arise in the strongly segregated salty block copolymers.
A possible explanation for the discrepancy between theory and experiments seen in Figure 10 is the limited applicability of our expression 
This expression suggests that χ eff does not increase linearly over an indefinite range of salt concentrations; at concentrations above a certain threshold (e.g. r =0.012 at N=100), χ eff levels off. Based on our analysis thus far, we can assert that this expression does not apply over the range of compositions covered in this review. One may thus view Equations 21 and 22 as a starting point for organizing domain spacing data from saltcontaining block copolymers.
CONCLUSIONS
The objective of this review is to organize literature data on the thermodynamic properties of PS/PEO blends and SEO diblock copolymers with added salt. Our organization strategy relies heavily on theories developed for pure block copolymers and blends. While data from several SEO copolymers are in the literature, data from only one PS/PEO blend has been published. A more systematic study of polymer electrolyte blends seems warranted. ) is a constant in the weak segregation limit and scales with χ eff N in the strong segregation limit.
The same expression for χ eff N is used to organize both phase behavior and domain spacing data of salty block copolymers. It is likely, however, that the dependence of χ eff on salt concentration deviates from linearity at high salt concentrations. We hope that this effect will be addressed by the community in future studies. 
